The Gram-negative bacterium strain S185-9A1 is a novel marine aproteobacterium that oxidizes manganese(l1) to manganese(1V). Initial DNA hybridization screening showed that S185-9A1 possesses a gene similar to cbbL, the gene coding for the large subunit of ribulose-l,5-bisphosphate carboxylase/oxygenase (RubisCO; EC 4. I. I .39). However, no RubisCO enzyme activity was found in cultures of S185-9A1. Genes coding for both large (cbbL) and small (cbbS) subunits of a RubisCO enzyme were identified, isolated and sequenced. When these genes were introduced into an €scherichia coli host strain, ribulose-l,5-bisphosphate-dependent CO, fixation occurred under control of a lac promoter, indicating that the protein i s functional in E. coli.
INTRODUCTION
Ribulose-l,5-bisphosphate carboxylase (RubisCO ; EC 4.1 . I .39) is one of two unique enzymes in the CalvinBenson cycle, the most common pathway for autotrophic CO, fixation in plants and bacteria, Two forms (I and 11) are known, and form I RubisCOs have been categorized into four types (Tabita, 1995) . These forms and types are based on evolutjonary relationships, and also reflect common biochemical features among the groups. Chloroplasts of terrestrial plants and green algae together with cyanobacteria contain RubisCOs that form a related group 
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RubisCO, ribulose-1,5-bisphosphate carboxylase/ oxygenase; RuBP, ribulose 1,5-bisphosphate
The CenBank accession numbers for the cbbS and cbbL sequences, and for the 165 rRNA sequence reported in this paper are L32182 and U53824, respectively.
(Type IB), consistent with the accepted notion of the cyanobacterial origin of chloroplasts. Many marine algal chloroplasts (non-chlorophyte algae) contain RubisCOs (Type ID) that are only distantly related to the cyanobacterial type, and are more closely related to other bacterial RubisCOs (Type IC) than to other chloroplasts. The fourth type (IA) is a group of mostly proteobacterial RubisCOs allied with Type IB, although recently a lithoautotrophic growth. Although autotrophy supported by Mn oxidation is thermodynamically favourable, there is only one report that clearly demonstrates net carbon fixation by a Mn oxidizer (Kepkay & Nealson, 1987) . Unfortunately (Tebo & Haygood, 1989) . About 20% of the isolates hybridized positively, and strain SI85-9AZ was selected because of its consistent and reliable Mn oxidation.
Restriction analysis with two enzymes followed by DNA hybridization suggested that this strain has only one copy of the RubisCO form I genes, and hybridization with a probe derived from the cbbM gene of RhodospkrilLwz rd~r,tm, which codes for a form 11 RubisCO, yielded negative results, suggesting that SI85-9,41 has only one copy of RubisCO genes in the genome.
Strain SI85-9A1 was isolated in 1985 from Saanich Inlet, a stratified fjord on the west coast of Canada. The fjord is anoxic below -130 m for about six months every year, resulting in an O,/H,S interface (Tebo & Emerson, 1985) . Microbial catalysis of Mn oxidation has been demonstrated in this basin above the interface, where there is an accumulation of particulate Mn (Emerson e t al., 1982; Tebo e# al., 1984) . SI85-9Al was isolated from water collected at 125 rn, within the particulate Mn maximum, When grown on an appropriate seawaterbased medium containing Mn(II), the bacteria oxidize Mn(1I) and precipitate Mn(1V) rnanganates on the cell surface, forming a coat around the cell. It is a Gramnegative rod-shaped bacterium, which, according to its 16s rRNA sequence, belongs to the a-subdivision of the proteobacteria. It is not closely related to any of the organisms in the Genbank and RDP databases (GenBank accession number U53824; Maidak eb a/., 1994). SI85-9A1 grows very slowly, with a doubling time of about 1-2 d, depending on the medium. The final population density in liquid cultures depends on the content of organic nutrients in the medium, and can reach high values (more than lo9 cells ml-l) when grown in a rich medium. However, the bacteria also grow with the one-carbon compound formate as the sole organic carbon and energy source. Mn oxidation occurs only when grown in organic-poor media, and at the onset of the stationary phase of growth in batch cultures.
The initial probing results suggested that strajn SIS5-9A1 possesses a gene similar to cbbL, but we were unable to demonstrate in vitm ribulose-l,5-bisphosphate-dependent CO, fixation activity or autotrophic growth of the organism. We have proceeded by a molecular approach, cloning, sequencing, and expressing the genes, and thus confirming that the RubisCO genes of strain SI85-9A1 d o indeed code for a RubisCO enzyme that is functional, and might, under unknown conditions, be expressed to yield a functional protein in the parent organism.
METHODS
Bacterial strains, media and growth conditions. Strains and plasmids used in this study are summarized in Table 1 . Strain SJ85-9141 was maintained on solid media K (Krumbein, 1971) and M which consists of artificial sea water (ASW; see below) supplemented with 50 mg yeast extract I-' , 50 mg peptone l-l, 20 mM HEPES buffer (pH 7*8), 100 pM MnCl,, 2 mM KHCO, and 15 g Bacto Noble agar (Difco) I-'. ASW is prepared in our laboratory at double strength (2 x ASW) as follows: 247 g MgSO,, 7H,O, 2.9 g CaCl,, 2H,CI, 35-1 g NaCl and 1.5 g KC1 are dissolved individually in 250 ml distilled water each and then combined yielding 1 1 2 x ASW, which is diluted by 50 % with distilled water and other components in the final medium.
For large scale DNA preparations the cells were grown in seawater complete (SWC) medium (Nealson, 2978) In order to obtain large quantities of high molecular mass DNA we used the following procedure. Cells were grown in 1 I SWC medium without Mn to stationary phase (in the presence of Mn the cells become coated with Mn oxides, making them even more difficult to lyse). The cells were spun down and resuspended in 95 ml TE buffer pH 8.0 (50 mM Tris buffer pH 8-0, 10 mM EDTA). The suspension was divided into 10 tubes and 200 pl lysozyme solution (50 mg ml-l) was added to each. The cells were stored on ice for 10 rnin, then 0-5 ml 10 % (w/v) SDS and 50 pl proteinase K solution (20 rng ml-l) were added to each tube and the cells incubated at 37 "C for a few hours, until clear. The clear lysate was extracted with CTAB (hexadecyltrimethylammonium bromide, Sigma} and chloroform (Ausubel eta/., 1987) and the DNA precipitated, dissolved in TE buffer, and purified on a CsCl density gradient. The DNA was partially digested with the restriction enzyme Sazl3A, and fragments larger than 20 kb were purified on a sucrose gradient.
The size-fractionated DNA was ligated to pMMB33 cosmid arms as described by Frey e t al. (1983) , and packaged with a Gigapack XL packaging kit (Stratagene). The packaged library Ten thousand colonies representing the gene library were probed by Southern hybridization with the Xanihhobacter sp. strain H4-14 probe described above, and seven positive colonies were isolated. The cosmid of one of them, pMhfB33-7, which contained an insert of -29 kb, was digested with different restriction enzymes and reprobed, Two positive bands were isolated : a 2013 bp XhoI fragment, which was cloned into XhoIdigested pBluescript KS -in both orientations, resulting in pRCl and pRClR, and a 2678 bp Pstl fragment, which was cloned into PstI-digested pBluescript KS -resulting in pRC3 and pRC3R (Fig. 2) . A similarly digested chromosomal DNA yielded positive bands of the same size, suggesting that no rearrangement had occurred. Both pRC1 and pRClR were subjected to nested deletions, using an Erase a-Base kit (Promega), resulting in plasmids pRC1-1 to pRC1-10 and pRClR-1 to pRCl R-10, respectively. Since it was found that plasmids pRCl and pRC3 did not contain the whole cbbL gene, a synthetic oligonucleotide was prepared from the sequence at rhe end of the P d fragment (cbbLl), and used to probe pMMB33-7 again. A positive Sctfl fragment of 2.5 kb was isolated and cloned into pBluescript KS -, resulting in pRC4. This plasmid contained the rest of the cbbL gene, and also the cbbS gene.
To generate a clone containing the intact cbbL/cbbS region, the J d I fragment of pRC4 was cut and cloned into the 5-1 kb SalI fragment from pRC3. The resulting plasmid was named pRCl0. In order to fuse this insert to the lac promoter of pBluescript, the whole insert of pRClO was cut by simultaneous digestion with 
Prep Columns (Promega). Resulting DNA sequences were analysed and translated by the MacVector Sequence Analysis Software version 3.5 (International Biotechnologies), and translated sequences were analyscd by PAUP. Sequence alignments were performed manually using hlicrosoft Excel colour macros (Haygood, 1993 Sequences of RubisCO genes from other organisms used in this paper were chosen from those for which the sequence is available for both subunits, and so will represent all the major groups of RubisCO. The following sequences were used (GenBank accession numbers are given in parentheses) : Alcctligener eutrophus (M17744) (Andersen & Caton, 1987) , Anag~stir nidtrlans strain 6301 ( X03220) (Shinozaki & RubisCO genes from a manganese-oxidizing bacterium -+ -Sequence reported in Fig. 3 Plasmid (vector) 
Ru bisCO sequence
The region sequenced is shown in Fig. 2 . The region containing the cb6L and cbbS genes was fully Sequenced on both strands (Fig. 3) . Two additional ORFs were identified from the partial sequence (Fig. 2) Table 2 shows the percentage identity of these genes to RubisCO genes from the various groups.
Parsimony analysis
In order to analyse these genes, we have aligned the amino acid sequences generated by translation of the cbbL and cbbS genes to published sequences from several organisms (Fig. 4) . The amino acid sequence generated by translation of strain SI85-9A1 GbbL gene possesses all the amino acids that were found to be impIicated in activation and catalysis of the enzyme (Knight et d , 1990 ). The aligned sequences were analysed by maximum parsimony to generate phylogenetic trees. We generated trees for CbbS, CbbL, and CbbL and CbbS combined, but only the tree constructed for CbbL is shown (Fig. 5 ) since the information contained in the CbbS region alone was not sufficient to resolve phylogenetic relationships among some of the organisms, and the result for the combined sequence was similar to that obtained from CbbL alone. The tree was generated using the CbbM protein of Rs. rtrbrzim (which belongs to the Type II group) as an outgroup. The tree has the following parameters : length 
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DISCUSSION
The RubisCO genes of strain 385-9A1 are unique, and are not closely related to anp other published RubisCO sequences. The most parsimonious tree (Fig. 5 ) shows that the strain S185-9A1 genes are about equally closely related to the members of Type IC and Type ID groups. Although the grouping of S185-9A1 RubisCO with nonchlorophyte algal chloroplast RubisCOs (Type ID) was the most parsimonious with this data set, it was not strongly supported by bootstrapping (the alternative grouped S185-9A1 at the base of the Type IC group).
Nonetheless, all of the analyses support the RubisCO genes of strain S185-9A1 being &&t to Type ID RubisCO genes of non-chlorophyte algal chloroplasts among the bacterial RubisCU genes that have been sequenced to date. This result was obtained by analysing either the sequence of both genes together, or the sequence of cbbL alone.
The Type ID enzymes are the subject of intense current interest because they have a much higher specificity factor (lower susceptibility to the competing oxygenase reaction) than enzymes of Type IB from terrestrial plants (Tabita, 1995) . The bacterial enzymes of Type IC have specificity factors in the range of terrestrial plants. The loop 6 region of the large subunit of RubisCO is believed to influence the specificity factor (Read & Tabita, 1994) , and the SI85-9A1 enzyme shares some amino acids with the Type ID enzymes, some with the Type IC and is unique at other positions. Clearly, the specificity factor and other biochemical properties of the SI85-9A1 RubisCO are important subjects for future investigation. Nealson, 1987 ; Nealson e t al., 1988; van Veen, 1972 
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